Abstract
Introduction
Nickel (Ni 2ϩ ) is an important inducer of contact allergy reactions, widely distributed in numerous industrial products, including bimetallic coins, cardiovascular stents and orthopaedic and dental biomedical alloys [1] has not yet been determined in vivo [2] . Ni 2ϩ hypersensitivity responses primarily manifest as contact dermatitis, a frequent cause of professional incapability, but also have been implicated with instent restenosis, a severe complication of patients with cardiovascular disease [3] . [5] [6] [7] [8] . Only [9, 10] . [12] . However, the insensitivity of primary cells to TRAIL-mediated apoptosis may underlie plasticity under distinct physiological or pathophysiological conditions [13] .
Besides eliciting antigen-specific signals in such T-cell-prevailing conditions, Ni 2ϩ also induces a non-specific proinflammatory signal in endothelial cells (ECs) and keratinocytes, which initiates and propagates the inflammatory response by induction of cytokines and cell-surface molecules required for recruitment of antigen-specific lymphocytes to the exposed tissue [4]. Several signal transduction pathways such as the IKK2/NFB cascade, hypoxia-inducible factor 1␣ (HIF-1␣) and the p38 mitogen-activated protein kinase (MAPK) pathway

TRAIL receptor 1 (TRAIL-R1) and TRAIL-R2 contain functional intracellular death domains. In contrast, TRAIL-R3 and 4 are incapable of apoptosis induction and either completely lack a cytoplasmic domain (TRAIL-R3) or only contain an incomplete death domain (TRAIL-R4) unable to transduce a death signal
The cross-linking of the two apoptosis-inducing TRAIL receptors results in the recruitment of FADD (MORT1) and Procaspase-8 to the death-inducing signalling complex (DISC) [8], resulting in proteolytic cleavage of Caspase-8 and initiation of the apoptotic process via activation of downstream effector caspases. In many primary cells, death receptor-mediated apoptosis is effectively inhibited by high expression of cellular Fas-associated death domain-like interleukin-1-converting enzyme (FLICE) inhibitory protein (c-FLIP), an intracellular homologue of Caspase-8 [11]. c-FLIP isoforms are recruited to the TRAIL DISC and inhibit full cleavage and release of active Caspase-8 and Caspase-10 [11], allowing survival of these cells in the presence of receptor ligation, a finding that has merited great attention since many tumour cells are highly sensitive to TRAIL-mediated apoptosis
In 
Materials and methods
Cell culture and materials
Human umbilical vein endothelial cells (HUVEC) and human primary keratinocytes (KCs)
were generated and cultured as described [6, 14] . Cells were exposed to 1.5 
Apoptosis and cytotoxicity assays
Crystal violet staining of surviving attached cells was performed 6 hrs after addition of FLAG-TRAIL in 96-well plates as described [16] 
Western blot analysis
Total cellular proteins were lysed as described [6, 17] . Five to 75 g of protein were electrophoresed on SDS-PAGE gels and Western blot analysis using the indicated primary and appropriate horseradish peroxidase-conjugated secondary Abs was performed as described [6, 16] . [19] . [20, 21] , or control mIgG1 at 10 g/ml was essentially performed and analysed by flow cytometry as described [5] . Fig. 2A ) and IL-8 secretion (Fig. S2B) . Taken together, our data of coincident up-regulation of TRAIL-R1, TRAIL-R2 and TRAIL-R4 together with the data using [23] . Moreover, mouse embryonic fibroblasts from c-FLIP-deficient animals were shown to be highly sensitive to TRAIL-induced apoptosis [24] -regulated gene [6] , was still induced (Fig. 3D) (Fig. 4B) . At the same time, it had no protective effect on paclitaxelor doxorubicin-induced apoptosis (Fig. S3) , which is largely independent of death receptor-mediated signals [28] . HUVEC were not fully protected from TRAIL-mediated apoptosis, which may possibly be explained by the well-known effect of high levels of cFLIP overexpression that may result in the generation of pro-apoptotic signals [29, 30] (Fig. 6, lane 4) . Interestingly, Ni (Fig. 6, lanes 4-6) -pre-treated cells (Fig. 6, lane 6) , [32, 33] . Remarkably, the pattern of Ni [31, 33] 
Analysis of the death-inducing signalling complex (DISC)
Flow cytometric analysis
Results
Ni 2ϩ sensitizes primary ECs to TRAIL-induced apoptosis
(C) Quantification of apoptosis by measuring internucleosomal DNA fragmentation. HUVEC were treated as in (A) and additionally exposed to 10 M of the pan-caspase inhibitor zVAD-fmk as indicated. Data in (A) and (C) show mean values Ϯ S.D. from one representative experiment out of 2-3 independent experiments performed in triplicate.
Fig. 2 Ni 2ϩ leads to altered TRAIL-receptor expression and rapid Caspase-8 and -3 cleavage upon TRAIL stimulation. (A) Flow cytometric analysis of TRAIL-R1, -R2, -R3 and -R4 cell surface expression of non-stimulated or Ni 2ϩ -stimulated (16 hrs) HUVEC using specific antibodies to TRAIL-R1-R4 (filled lines). Grey lines indicate staining with the respective isotype-specific control antibodies. One of four independent experiments is shown with the respective background-subtracted median fluorescence intensity (MFI
Ni 2ϩ affects TRAIL-induced apoptosis via down-regulation of c-FLIP
TRAIL-mediated apoptotic signalling is crucially counteracted by c-FLIP expression in primary cells
Depletion of c-FLIP is sufficient to sensitize ECs to TRAIL-mediated apoptosis
2ϩ -pre-treatment resulted in a marked up-regulation of total (lanes 9 and 12) and ligand-bound TRAIL-R1, TRAIL-R2, and TRAIL-R4 (lanes 3 and 6), which was not seen when TRAIL and
Ni 2ϩ were co-administered (lanes 2 and 5, lanes 8 and 11).
Proteolytic cleavage of c-FLIPL to c-FLIP-p43 was evident under all conditions in the TRAIL DISC
Fig. 5 Depletion of endogenous c-FLIP by retroviral expression of c-FLIP shRNA sensitizes HUVEC for TRAIL-induced apoptosis. (A-C) HUVEC were infected with the respective constructs and stimulated with 100 ng/ml TRAIL or diluent for 3-8 hrs. (A) Western blot for c-FLIP or Caspase-8 showing TRAIL-dependent cleavage of Caspase-8 upon knock-down of c-FLIP. Molecular weight of full-length proteins and cleavage products are indicated. Cells were lysed 3 hrs after exposure to TRAIL or diluent. The asterisk denotes unspecific bands. Actin served as loading control. (B) Subdiploidy analysis of the differently infected cells harvested 8 hrs after addition of TRAIL or diluent. One representative experiment of three is shown. (C) DISC analysis of TRAIL receptor signalling complexes from the differently infected cells (for details, see Materials and Methods). Cells were cultured for 30 min. in presence of 1 g/ml Flag-TRAIL pre-complexed with anti-Flag mAb (ϩ) or diluent alone and equal amounts of anti-Flag immunoprecipitates (DISC) were analysed by Western blot. Protein association with non-stimulated receptors was monitored by supplementing lysates from unstimulated cells with antiFlag-Ab and Flag-TRAIL prior to immunoprecipitation. IgG-hc indicates mouse IgG heavy chain of anti-Flag Ab detected by the respective Abs that is added to the lysates generated from non-stimulated cells as indicated in detail in Materials and Methods. Western blotting with TRAIL-R1, TRAIL-R2 and TRAIL-R4 Abs controls for excessive precipitation of unstimulated receptors as compared to stimulated (ϩ) receptors. Asterisk denotes unspecific bands. Arrows indicate detection of cleavage fragments of the respective proteins. while in the other TRAIL-treated samples, only partially cleaved Caspase-8 was detectable, indicative of a c-FLIPL-inhibited DISC
2ϩ -pre-stimulated cells closely resembled the TRAIL-DISC following depletion of c-FLIP by shRNA with the exception of TRAIL-R4 that was specifically increased in the DISC of Ni 2ϩ -treated cells, but not modified by knock-down of cFLIP in the DISC (compare Fig. 5C). Thus, the enhanced Procapase-8 recruitment most likely reflects an accelerated turnover of Caspase-8 within the DISC and subsequent rapid release of the cleaved fragments from the DISC, similar to results in other cells
. In line with this conclusion, total cellular lysates demonstrated a strong reduction of total c-FLIP protein and presence of fully cleaved Caspase-8 p18 in TRAIL-treated samples of Ni 2ϩ
-pre-exposed cells (Fig. 6, lane 12) (Fig. 6, lanes 10 and 11) [8] . Consistent with other reports [35] [36] [37] [10] or may directly bind to TRAIL-R2 in a ligand-independent manner via the pre-ligand assembly domain [38] . Despite -pre-incubated cells (Fig. S4) . Furthermore, the prototypic NF-B activator TNF did not significantly change surface expression of TRAIL-R1-R4 (Fig. S5) (Fig. 8B) [45, 46] . Interestingly, in the T-cell prevailing acute phase of nickel-induced contact dermatitis death-receptor-mediated apoptosis of KCs is a well-documented phenomenon [34] . In addition, recent evidence indicates that cFLIP protects the basal cell layer of the interfollicular epidermis from death ligand-mediated cell death and may be responsible for the maintenance of the stem cell pool in the basal layer of the epidermis whenever activated T cells expressing death ligands are invading the epidermis [47, 48] 
Discussion
TRAIL has attracted wide interest due to its selective apoptosisinducing activity for tumour cells, while most primary cells are resistant to its pro-apoptotic action in vitro and in vivo. However, emerging evidence suggests that a number of primary cells, although resistant under basal conditions, can be sensitized to the pro-apoptotic signals exerted by TRAIL under certain conditions (for review see [8]). Here we describe the bivalent cation Ni 2ϩ , a widely distributed noxious agent and inducer of contact allergy reactions [4], as novel sensitizer of ECs or KCs to TRAIL-mediated apoptosis, underscoring the plasticity of TRAIL-induced responses. Early studies in various cell systems had suggested that TRAIL resistance and conversely sensitivity for TRAILinduced apoptosis could simply result from altered expression of the 'decoy' receptors TRAIL-R3 and TRAIL-R4, which lack functional death domains and thus might counteract the apoptosisinducing capacity of TRAIL
we found TRAIL-R1-3 to be moderately expressed on unstimulated ECs while TRAIL-R4 was absent. Interestingly, Ni 2ϩ increased surface expression of both TRAIL-R1 and TRAIL-R2, whereas TRAIL-R3 levels remained unchanged and TRAIL-R4 expression was strongly induced in both KCs as well as ECs. Current models suggest a rather complex function of TRAIL-R4 beyond a sole function as decoy receptor: TRAIL-R4 was shown to either corecruit with TRAIL-R2
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